Aggarwal NT, Gauthier KM, Campbell WB. 15-Lipoxygenase metabolites contribute to age-related reduction in acetylcholine-induced hypotension in rabbits. Am J Physiol Heart Circ Physiol 295: H89 -H96, 2008. First published May 2, 2008 doi:10.1152/ajpheart.00054.2008.-Arachidonic acid (AA) metabolites from the 15-lipoxygenase-1 (15-LO-1) pathway, trihydroxyeicosatrienoic acids (THETAs) and hydroxy-epoxyeicosatrienoic acids (HEETAs), are endothelium-derived hyperpolarizing factors (EDHFs) and relax rabbit arteries. Rabbit vascular 15-LO-1 expression, THETA and HEETA synthesis, and nitric oxide and prostaglandinindependent relaxations to acetylcholine (ACh) and AA decreased with age (neonates to 16-wk-old). We characterized age-dependent ACh-hypotensive responses in vivo in 1-, 4-, 8-, and 16-wk-old rabbits and the contribution of THETAs and HEETAs to these responses. In anesthetized rabbits, blood pressure responses to ACh (4 -4,000 ng/kg) were determined in the presence of vehicle or various inhibitors. ACh responses decreased with age (P Ͼ 0.001). In the absence or presence of N -nitro-L-arginine methyl ester (L-NAME) and indomethacin (Indo), maximum responses in 1 (Ϫ54.7 Ϯ 7.4 and Ϫ37.9 Ϯ 3.9%)-and 4 (Ϫ48.8 Ϯ 2.4 and Ϫ35.5 Ϯ 7.8%)-wk-old rabbits were higher than 8 (Ϫ30.0 Ϯ 2.8 and Ϫ26.6 Ϯ 4.4%)-and 16 (Ϫ36.7 Ϯ 3.5 and Ϫ27.3 Ϯ 10%)-wk-old rabbits. A lipoxygenase inhibitor, BW755C, reduced THETA and HEETA synthesis in mesenteric arteries. In the presence of Indo and N -nitro-L-arginine, ACh relaxations were reduced by BW755C to a greater extent in the mesenteric arteries from the younger rabbits. In 4-wk-old rabbits treated with L-NAME and Indo, the maximum ACh hypotension was reduced by the potassium channel inhibitors apamin and charybdotoxin to Ϫ6.9 Ϯ 0.9%, by apamin alone to Ϫ19.5 Ϯ 1.4%, and by BW755C to Ϫ18.8 Ϯ 3.5%. The present study indicates that the age-related decrease in ACh-induced hypotension is mediated by the decreased synthesis of the 15-LO-1 metabolites THETAs and HEETAs. endothelium-derived hyperpolarizing factor; arachidonic acid; vasodilation; mean arterial pressure THE VASCULAR ENDOTHELIUM RELEASES dilators including nitric oxide (NO), prostaglandins (PG), and endothelium-derived hyperpolarizing factors (EDHF; Ref. 7). Agonists, such as acetylcholine (ACh), induce release of these mediators from the endothelium and thus relax arteries. In the presence of endothelial NO synthase (eNOS) and cyclooxygenase (COX) inhibitors, EDHFs contribute to ACh-induced relaxations. This has been documented in rabbits (22), rats (17, 26), dogs (21), and humans (16). EDHFs compensate for the impaired NO release and activity in eNOS knockout mice (3), eNOS and COX double knockout mice (10), and hypertensive patients (30).
THE VASCULAR ENDOTHELIUM RELEASES dilators including nitric oxide (NO), prostaglandins (PG), and endothelium-derived hyperpolarizing factors (EDHF; Ref. 7) . Agonists, such as acetylcholine (ACh), induce release of these mediators from the endothelium and thus relax arteries. In the presence of endothelial NO synthase (eNOS) and cyclooxygenase (COX) inhibitors, EDHFs contribute to ACh-induced relaxations. This has been documented in rabbits (22) , rats (17, 26) , dogs (21) , and humans (16) . EDHFs compensate for the impaired NO release and activity in eNOS knockout mice (3), eNOS and COX double knockout mice (10) , and hypertensive patients (30) .
Several compounds have been described as EDHFs including arachidonic acid (AA) metabolites of cytochrome 450 (CYP450; Refs. 4, 11) and 15-lipoxygenase-1 (15-LO-1; Refs. 24, 25) and the potassium (K) ion (9, 36) . AA metabolites of 15-LO-1, 11,12,15-trihydroxyeicosatrienoic acid (THETA) and 15-hydroxy-11,12-epoxyeicosatrienoic acid (HEETA), are EDHFs (6) and mediate the ACh-induced relaxations in rabbit arteries in the presence of NO-and PG-synthesis inhibitors N -nitro-L-arginine (L-NNA) and indomethacin (Indo; Refs. 2, 33) . These relaxations are inhibited by high extracellular potassium concentrations (6) and the small-conductance, calciumdependent potassium (SK Ca ) channel inhibitor apamin (Apa; Refs. 13, 36) . In rabbit mesenteric arteries, THETA and HEETA open SK Ca channels and act synergistically with a charybdotoxin [CTX; an intermediate conductance calciumdependent potassium (IK Ca ) channel inhibitor]-sensitive pathway to cause relaxations (36) .
Vascular endothelial 15-LO-1 is important (33) and sufficient (2) to relax rabbit arteries by synthesizing THETA and HEETA from AA (6) . We (32) recently reported that the expression of 15-LO-1 decreases with age in aortas and mesenteric arteries from neonates, 1-, 4-, 8-, and 16-wk-old rabbits. As a result, the synthesis of THETAs and HEETAs decreases with age. NO-and PG-independent ACh and AA relaxations were reduced with age in isolated arteries from these rabbits. On the other hand, contractile responses to potassium and phenylepherine and relaxations to sodium nitroprusside were unaltered by age. This implies that 15-LO-1 activity and the synthesis of THETAs and HEETAs contribute to regulation of vascular tone. However, the findings in the isolated arteries cannot be generalized for all the arteries since NO, PGs, and EDHFs may have different effects on different vascular beds (14, 20) . For example, THETA is more active in mesenteric arteries than in aortas of rabbits (36) . Also, 15-hydroxyeicosatetraenoic acid (15-HETE) is inactive in the aorta (12) but contracts pulmonary arteries (37) of rabbits. The precursor of the THETAs, HEETAs, and 15-HETE, 15-hydroperoxyeicosatetraenoic acid, evokes relaxations at lower concentrations but contractions at higher concentrations in aorta and pulmonary arteries (19, 34) . The vascular activity of the HEETAs is in need of further investigation. In addition, unknown compensatory mechanisms may occur to negate the age-related decrease in vascular relaxations. Therefore, to corroborate our in vitro findings, we characterized the ACh responses, the role of EDHFs, and the contribution of THETAs and HEETAs in vivo in 1-, 4-, 8-, and 16-wk-old rabbits.
MATERIALS AND METHODS
Rabbits and mesenteric arteries. Animal protocols were approved by the Animal Care Committee of the Medical College of Wisconsin, and the procedures were performed in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals (1996) . New Zealand White rabbits (Kuiper Rabbit Ranch) 4, 8, and 16 wk of age were fed normal rabbit chow. One-week-old rabbits were on mother's milk until the time of use. For in vitro studies, mesenteric arteries were dissected from rabbits as described previously (2) .
Metabolism of [ 14 C]AA. Arterial sections were dissected and maintained at 4°C in HEPES buffer (mM): 10 HEPES, 150 NaCl, 5 KCl, 2 CaCl 2, 1 MgCl2, and 6 glucose, pH 7.4. The sections were cut into 2-to 3-mm rings and placed into 5 ml HEPES buffer. Rings were incubated at 37°C with Indo (10 Ϫ5 M; Sigma, St. Louis, MO) or Indo and BW755C (10 Ϫ4 M; Burroughs Wellcome, Sandwich, England) for 10 min, and then [
14 C]AA (0.5 Ci, 10 Ϫ7 M) was added. After 5 min, A23187 (10 Ϫ5 M; Sigma) was added. After 15 min, the reaction was stopped with ethanol (15% final concentration) and the samples were extracted using Bond Elute octadecylsilyl columns (25) . The extracts were analyzed by reverse phase HPLC using solvent system I and a Nucleosil C-18 (5 m, 4.6 ϫ 250 mm) column. System I consisted of a 40-min linear gradient (flow rate ϭ 1 ml/min) from 50% solvent B (acetonitrile with 0.1% glacial acetic acid) in solvent A (deionized water) to 100% solvent B. The column effluent was collected in 0.2 ml fractions, and the radioactivity was determined.
Isometric tension in mesenteric arteries. Arterial rings were suspended in a 6 ml of tissue bath with Krebs solution of the following composition (mM): 119 NaCl, 4.7 KCl, 1.8 KH 2PO4, 1.17 MgSO4, 25 NaHCO3, 2.5 CaCl2, 0.026 EDTA, and 5.5 glucose bubbled with 95% O2-5% CO2 at 37°C. Isometric tension was measured with forcedisplacement transducers (Danish Myo Technology) and recorded with a Macintosh computer and MacLab software. The vessels were gradually adjusted to 1-g resting tension and allowed to equilibrate for 1 h. The vessels were then tested for the maximum response with 60 mM KCl as described previously (6) . The rings were treated with Indo (10 Ϫ5 M) and L-NNA (Sigma; 3 ϫ 10 Ϫ5 M) for 10 min and then contracted by phenylephrine (ϳl0 Ϫ7 M) to 50 -60% of the maximal KCl contraction. In addition to Indo and L-NNA, rings were also treated with either BW755C (10 Ϫ4 M) or CTX (2 ϫ 10 Ϫ7 M) or both. Cumulative concentrations of ACh (Sigma; 10 Ϫ9 -10 Ϫ5 M) were added to the bath, and changes in isomeric tension were measured. Vasorelaxation was expressed as a percentage of maximum precontraction.
Mean arterial pressure and measurement of ACh responses. New Zealand white rabbits of 4, 8, and 16 wk of age were anesthetized with 20 mg/kg pentobarbital intravenously through the marginal ear vein. Neonate rabbits (1-wk-old) were anesthetized with 20 mg/kg pentobarbital intraperitoneally. Anesthesia was immediately followed by endotracheal intubation and artificial ventilation. A catheter was placed into the right carotid artery and connected to a pressure transducer (model MS-01699, AD Instruments), and the mean arterial pressure (MAP) was recorded into Mac-Lab Chart 7.0 software with PowerLab amplifier and A/D converters. A catheter was placed in the right jugular vein for drug administration. After these procedures, rabbits were given 30 min for MAP to stabilize. ACh (0.4 -4,000 ng/kg iv) was administered, and the change in MAP was recorded for each ACh dose. For measuring PG-and NO-independent ACh responses, rabbits were given Indo (6 mg/kg ip) and N-nitro-L-arginine methyl ester (L-NAME; 20 mg/kg and 5 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 iv). After 30 min, ACh responses were recorded. In the second group of rabbits, Indo, L-NAME plus the SKCa channel inhibitor Apa (50 g/kg iv; Sigma) or Indo, L-NAME, Apa, and the IKCa channel inhibitor charybdotoxin (CTX; 50 g/kg iv; Sigma; Ref. 29) were given and the responses to ACh were measured. In the third group of animals, the effects of 15-LO inhibition were determined. BW755C (30 mg/kg iv) was administered with Indo and L-NAME, and the ACh responses were measured after 30 min. All the drugs except Indo were dissolved in normal saline (0.9% w/v NaCl) and were injected in a volume of 0.1 ml followed by 0.1 ml of saline. Indo was suspended in normal saline for intraperitoneal injection.
Data interpretation and statistical analysis. The decrease in MAP to each dose of ACh was measured as the percent decrease from the basal values. Relaxations in isolated mesenteric arteries were measured as a decrease in tension upon cumulative concentrations of ACh. The experimental data were expressed as means Ϯ SE. A repeatedmeasures two-way ANOVA was performed to analyze responses to each ACh dose in rabbits or in isolated arteries in an age group, followed by Bonferroni's posttest. Weight, MAP, and heart rate (HR) values among the four groups were analyzed by repeated-measures two-way ANOVA. The effect of inhibitors on MAP and HR in an age group was analyzed by unpaired student t-test. Values were considered significant at P Ͻ 0.05 or smaller.
RESULTS

Basal hemodynamics.
For each experiment, 6 -11 animals/ group were used. Table 1 shows the ages, weights, and basal hemodynamic measurements. Basal HR and MAP were measured after the 30-min stabilization period. The weight and MAP of the rabbits increased significantly (P Ͻ 0.01) with age ( Table 1) . The HR increased between 1 and 4 wk of age but did not change further in older rabbits (Table 1) .
Age-related decrease in ACh-induced hypotensive responses. ACh caused a dose-related decrease in MAP in 1-to 16-wk-old rabbits. These ACh responses were similar for 1-and 4-wk-old rabbits (Fig. 1) . The maximum decrease in MAP to ACh was significantly decreased in 8 (Ϫ30.0 Ϯ 2.8%)-and 16 (Ϫ36.7 Ϯ 3.5%)-wk-old rabbits when compared with 1 (Ϫ54.7 Ϯ 7.4%)-or 4 (Ϫ48.8 Ϯ 2.4%)-wk-old rabbits (P Ͻ 0.0001; Fig. 1 ). This decrease in MAP is not due to the direct effect of ACh on HR. The basal HR or HR at 4,000 ng/kg of ACh in an age group was not different (Table 1) .
To determine the contribution of NO and PGs, rabbits were treated with Indo and L-NAME and the ACh-induced decrease Each value represents mean Ϯ SE. L-NAME, N -nitro-L-arginine methyl ester; MAP, mean arterial pressure; HR, heart rate; Indo, indomethacin; ACh, acetylcholine. *P Ͻ 0.0001, statistically significant difference among the 4 groups in a column; †P Ͻ 0.05, statistically significant difference from the corresponding MAP at the resting condition; ‡P Ͻ 0.001, statistically significant difference from the HR values in other age groups.
in MAP was measured (Fig. 2) . ACh caused dose-related decreases in MAP in the Indo-and L-NAME-treated rabbits. The responses were decreased in 1-and 4-wk-old rabbits but did not change in 8-and 16-wk-old rabbits (Fig. 2) . After Indo and L-NAME treatment, basal MAP increased in 1-and 4-wkold rabbits (Table 1) but not in 8-and 16-wk-old rabbits. The HR did not change in any age group after Indo and L-NAME treatment ( Table 1 ). The maximum response to ACh (4,000 ng/kg) in Indo-and L-NAME-treated 1 (Ϫ37.9 Ϯ 3.9%)-and 4 (Ϫ35.5 Ϯ 7.8%)-wk -old rabbits was significantly greater than from that in 8 (Ϫ26.6 Ϯ 4.4%)-and 16 (Ϫ27.3 Ϯ 10%)-wk -old rabbits (P Ͻ 0.05).
Contribution of 15-LO-1 metabolites. The mesenteric arterial rings metabolize [
14 C]AA to radioactive products that comigrate with 15-HETE, 12-HETE, THETA, and HEETA (Fig. 3, A-D) . As we have previously shown (31) , the synthesis of these metabolites decreased with age. The synthesis of 15-LO-1 metabolites was greatest in mesenteric arteries of 1-wk-old rabbits and was almost absent in 16-wk-old rabbits. The effect of BW755C on the metabolism of [ 14 C]AA was determined in the isolated mesenteric arteries of a 4-wk-old rabbit. BW755C reduced the synthesis of 15-HETE, 12-HETE, THETA, and HEETA (Fig. 4) . Similar results with BW755C were obtained in aortic rings (data not shown).
Contribution of EDHFs. NO-and PG-independent maximum ACh relaxations were reduced with age in mesenteric arteries from 1 (87.3 Ϯ 5%)-, 4 (76.6 Ϯ 5%)-, 8 (48.2 Ϯ 8%)-, and 16 (50.3 Ϯ 4%)-wk-old rabbits (Fig. 5, A-D) . BW755C reduced these relaxations to a greater extent in the arteries from 1 (56.7 Ϯ 5%)-and 4 (48.2 Ϯ 8%)-wk-old rabbits compared with the arteries from 8 (29.8 Ϯ 3%)-and 16 (53.7 Ϯ 9%)-wk-old rabbits. Since the relaxations to ACh are contributed by a CTX-sensitive pathway and the 15-LO pathway (36), we also tested the relaxations in presence of CTX alone or CTX and BW755C. CTX alone reduced the relaxations to a greater extent in the arteries from 8 (13.4 Ϯ 5%)-and 16 (17.0 Ϯ 5%)-wk-old rabbits compared with 1 (54.2 Ϯ 9%)-and 4 (37.3 Ϯ 8%)-wk-old rabbits. Finally, the relaxations ) and indomethacin (Indo; 6 mg/kg). After 30 min, ACh responses were determined. Decreases in MAP are expressed as percent decrease from baseline. Each value is mean Ϯ SE (*P Ͻ 0.05; **P Ͻ 0.001; ***P Ͻ 0.0001). All symbols are as defined in A. were completely inhibited by the combination of CTX and BW755C in the arteries from all the age groups.
ACh-induced MAP decrease was measured in the presence of Apa and CTX in L-NAME-and Indo-treated 4-wk-old rabbits (Fig. 6A) . Four-week-old rabbits were used as representative for the study as they showed an intermediate responses between 1-and 16-wk-old rabbits. In these rabbits, the maximum ACh responses were inhibited by treatment with Apa and CTX from Ϫ38.8 Ϯ 3.4 to Ϫ6.9 Ϯ 0.9%. These NOand PG-independent ACh responses (max: Ϫ35.0 Ϯ 4.1%) were also significantly inhibited by treatment with Apa alone (max: Ϫ19.5 Ϯ 1.4%) depicting the role of SK Ca channels (Fig. 6B) . In these Indo-and L-NAME-treated rabbits, administration of Apa and CTX or Apa alone increased basal MAP from 46.1 Ϯ 10.7 to 99.6 Ϯ 8.9 and 87.33 Ϯ 6.5 mmHg, respectively. HR did not differ with Apa and CTX treatment (262 Ϯ 23 beats/min) or with Apa alone (256 Ϯ 16) when compared with basal (282 Ϯ 18 beats/min) or with Indo and L-NAME treatment (281 Ϯ 18 beats/min).
The effect of BW755C on the ACh-induced decrease in MAP was measured in 4-wk-old rabbits. In Indo-and L-NAME-treated 4-wk-old rabbits, the maximum MAP decrease to ACh was reduced by BW755C from Ϫ34.25 Ϯ 1.9% to a maximum of Ϫ18.8 Ϯ 3.5% (Fig. 6C) . Administration of BW755C to these rabbits did not alter basal MAP (49.9 Ϯ 3.8 mmHg) or HR (258 Ϯ 15 mmHg) compared with untreated animals. 6 . Effects of potassium channel inhibitors and the LO-inhibitor BW755C on the MAP response to ACh in L-NAME-and Indo-treated 4-wk-old (n ϭ 6) rabbits. Rabbits were treated with L-NAME (20 mg/kg; 5 mg ⅐ kg Ϫ1 ⅐ h
Ϫ1
) and Indo (6 mg/kg) for 30 min, and ACh responses were determined. Rabbits were then injected with (A) apamin (Apa; 50 g/kg) and CTX (50 g/kg), Apa (B; 50 g/kg), or BW755C (C; 20 mg/kg) and, after 30 min the ACh responses were repeated. Decreases in MAP are expressed as percent decrease from baseline. Each value represents mean Ϯ SE (**P Ͻ 0.001; ***P Ͻ 0.0001).
DISCUSSION
Previously, we demonstrated that 15-LO-1 expression, THETA and HEETA synthesis, and ACh and AA relaxation in vitro decreased with age (neonates to 16-wk-old) in rabbits (32) . We tested whether these changes occur in vivo by measuring ACh-induced hypotensive responses in anesthetized rabbits at 1-16 wk of age. Although the age of the rabbit used in the present study reflects maturation, we referred to the effect as age dependent.
Basal MAP and HR were measured in the rabbits after pentobarbital anesthesia. Resting MAP increased with age, but HR remained the same. This may imply that there is an age-related increase in peripheral vascular resistance (PVR). ACh (0.4 -4,000 ng/kg) caused dose-dependent, transient decreases in MAP without affecting the HR. Thus this decrease in MAP results from decreased vascular resistance and not secondary to the effect of ACh on cardiac muscarinic receptors. Similar doses of ACh lower MAP in rabbits, rats, and humans (8, 16, 27) . These dose-dependent decreases in MAP after ACh are also unrelated to the basal MAP, as previously reported in rats and rabbits (8, 18, 35) . The decrease in MAP to ACh was similar in 1-and 4-wk-old rabbits and was greater than those in and 8-and 16-wk-old rabbits. These responses corroborate our in vitro data (32) that the AA and ACh relaxations in isolated aortas were higher in 1-and 4-wk-old rabbits than in 8-and 16-wk-old rabbits. Also, 15-LO-1 expression and THETA and HEETA synthesis were similar in arteries of 1-and 4-wkold rabbits but higher than those in arteries of 8-and 16-wk-old rabbits. The reduction in the relaxation responses to ACh and AA in the arteries of older rabbits is probably not due to a reduced sensitivity of the arteries towards THETA and HEETA but due to their reduced synthesis. We have reported that an increased synthesis of THETA and HEETA by increasing 15-LO-1 expression in the mesenteric arteries of 8-wk-old rabbits was sufficient to increase ACh relaxations compared with the normal arteries (1). Similar results were obtained in preliminary studies in aortas from 16-wk-old rabbits (unpublished data). Therefore, the sensitivity of the arteries towards THETA and HEETA does not appear to change with age (8-and 16-wk-old), but the reduced synthesis of THETA and HEETA in arteries from older animals accounts for the reduced relaxations.
To measure the role of EDHFs in mediating these AChinduced decreases in MAP, we treated rabbits with Indo and L-NAME. We used doses that have been shown to produce maximal inhibition of COX and eNOS, respectively (5, 23, 28) . After NOS and COX inhibition, MAP increased in 1-and 4-wk-old rabbits but did not change in 8-and 16-wk-old rabbits. This suggests that the contribution of NO and PG was greater in younger rabbits (1 and 4 wk) but decreased in older rabbits (8 and 16 wk) . A similar dose of L-NAME did not change the systemic blood pressure in older rabbits weighing 2 kg (28) . COX inhibition by ibuprofen only increased blood pressure transiently for 10 min in rabbits of similar age and weight (22) . Similarly, an age-related reduction in NO-mediated relaxation has been reported in mesenteric and pulmonary arteries from neonate to 2-wk-old piglets (15) . Therefore, our results and the reported studies indicate that the role of NO and PG are more prominent in the regulation of the MAP of younger rabbits. We measured ACh-induced decrease in MAP in the Indo-and L-NAME-treated rabbits. With L-NAME and Indo treatment, the maximum decrease in MAP to ACh was reduced in 1-and 4-wk-old rabbits compared with untreated rabbits but did not change significantly in 8-and 16-wk-old rabbits. This once again implies that the effect of NO and PGs was reduced with age in 1-16 wk old rabbits. These reductions in the ACh-induced decrease in MAP and the effects of Indo and L-NAME could not be due to the increased metabolism of ACh, Indo, or L-NAME, because a similar profile was obtained in vitro in isolated aortas of the rabbits (1-16 wk old; Ref. 32) .
To determine the role of 15-LO-1, we used BW755C, a lipoxygenase inhibitor. BW755C reduced THETA and HEETA synthesis from AA in mesenteric arteries and aortas. BW755C inhibited the synthesis of 12-HETE, 15-HETE, THETA, and HEETA. These results are consistent with previous reports (24) of inhibition of 15-LO-1 by BW755C.
Since small resistance arteries contribute to PVR and thus towards MAP, we determined the contribution of THETA and HEETA to ACh relaxations in small mesenteric arteries. NOand PG-independent ACh relaxations in the mesenteric arteries from 1-, 4-, 8-, and 16-wk-old rabbits decreased with age. This suggests that the EDHF response is greater in arteries from the younger rabbits. BW755C reduced these relaxations to a greater extent in arteries from younger rabbits compared with the older rabbits, suggesting a greater role of THETA and HEETA in younger rabbits. The inhibition of the ACh relaxations by BW755C was less in the arteries from 8-and 16-wk-old rabbits due to the minimal synthesis of THETA and HEETA in these arteries. CTX treatment also inhibited the relaxations partially in arteries from 1-and 4-wk-old rabbits. In rabbit mesenteric arteries, ACh induces relaxations via two different pathways: a CTX-sensitive pathway and a Apasensitive pathway (36) . THETA and HEETA hyperpolatize the smooth muscle cells by opening the Apa-sensitive SK Ca channels (13) . Therefore, treating the mesenteric arteries with CTX alone or BW755C alone inhibited the relaxations only partially. On the other hand, CTX inhibited the ACh relaxations almost completely in the arteries from the older rabbits, implying that CTX pathway prevails in these arteries presumably because THETA and HEETA synthesis is reduced. Finally, the combinations of CTX and BW755C inhibited the relaxations completely in the arteries from all age groups, suggesting the role of both pathways. The relaxation studies suggest that both the THETA and HEETA pathways and CTX-sensitive pathway are important in the arteries from younger (1-to 4-wk-old) rabbits, while only the CTX-sensitive pathway is prevalent in the arteries from older rabbits. Therefore, these results also provided insight into the role of 15-LO-1 in regulating PVR and therefore MAP in younger rabbits.
To confirm the EDHF activity in vivo, we measured the effect of ACh on MAP in the presence of Apa and CTX in 4-wk-old rabbits. The 4-wk age group represents an intermediate age group in terms of 15-LO-1 expression, THETA and HEETA synthesis, and ACh relaxations and ACh hypotension (31) . In Indo-and L-NAME-treated 4-wk-old rabbits, Apa and CTX increased MAP, implying the role of EDHFs in regulating vasodilation and PVR. These doses of Apa and CTX reduced the NO-and PG-independent ACh responses in rabbits in vivo (29) . We found that Apa and CTX inhibited the ACh-induced decrease in MAP in Indo-and L-NAME-treated 4-wk-old rabbits. These findings indicated that the non-NO, non-PG hypotensive responses to ACh are mediated by EDHF. In Indo-and L-NAME-treated rabbits, Apa alone inhibited the maximal decrease in MAP to ACh. This suggest a role of an EDHF that activates SK Ca channels. It is noteworthy that Apa alone increased the basal MAP transiently for 5 min and then returned to the basal MAP (data not shown). The transitory effect could be related to a compensatory mechanism that returned the increased MAP to the basal levels. THETA hyperpolarizes smooth muscle cells by opening the Apa-sensitive, SK Ca channels in rabbit vascular smooth muscle (13, 36) . Therefore, we measured the ACh-induced decrease in MAP in Indo-and L-NAME-treated rabbits in the presence of the 15-LO inhibitor BW755C. The NO-and PG-independent ACh relaxations in vitro were also reduced by BW755C, indicating a role of THETA as an EDHF. Like the results obtained from Apa treatment in L-NAME-and Indo-treated rabbits, the basal MAP was not altered after BW755C treatment but the ACh-induced decreases in MAP were reduced. BW755C did not completely block these responses to ACh. The inhibition by BW755C was similar to the inhibition by Apa. BW755C inhibits both LO and COX and reduces the synthesis of HETEs, THETAs, HEETAs, and PGs. The ACh hypotensions, ACh relaxations, and MAP were determined in rabbits that were pretreated with Indo to inhibit PG synthesis. Thus the PG component of ACh responses was inhibited, so the effect of BW755C can be attributed to LO inhibition.
The present in vivo studies confirm our in vitro findings that in the absence of NO and PG there is a decrease in EDHF activity with age. These studies also demonstrate that 15-LO-1 metabolites of AA, specifically THETA and HEETA, act as EDHFs in vivo and thus regulate blood pressure independently of NO and PGs. In conclusion, our results suggest that the age-related decline in ACh or AA relaxations of rabbit arteries is due to the decreased synthesis of vasoactive THETAs and HEETAs.
